Epithelial organs are almost universally secretory. The lung secretes mucus of extremely variable consistency. In the early prenatal period, the secretions are of largely unknown composition, consistency, and flow rates. In addition to net outflow from secretion, the embryonic lung exhibits transient reversing flows from peristalsis. Airway peristalsis (AP) begins as soon as the smooth muscle forms, and persists until birth. Since the prenatal lung is liquid-filled, smooth muscle action can transport fluid far from the immediately adjacent tissues. The sensation of internal fluid flows has been shown to have potent morphogenetic effects, as has the transport of morphogens. We hypothesize that these effects play an important role in lung morphogenesis. To test these hypotheses in a quantitative framework, we analyzed the fluid-structure interactions between embryonic tissues and lumen fluid resulting from peristaltic waves that partially occlude the airway. We found that if the airway is closed, fluid transport is minimal; by contrast, if the trachea is open, shear rates can be very high, particularly at the stenosis. We performed a parametric analysis of flow characteristics' dependence on tissue stiffnesses, smooth muscle force, geometry, and fluid viscosity, and found that most of these relationships are governed by simple ratios. We measured the viscosity of prenatal lung fluid with passive bead microrheology. This paper reports the first measurements of the viscosity of embryonic lung lumen fluid. In the range tested, lumen fluid can be considered Newtonian, with a viscosity of 0.016 ± 0.008 Pa-s. We analyzed the interaction between the internal flows and diffusion and conclude that AP has a strong effect on flow sensing away from the tip and on transport of morphogens. These effects may be the intermediate mechanisms for the enhancement of branching seen in occluded embryonic lungs.
Introduction
The prenatal lung is completely fluid-filled, and epithelial cells lining the lung continuously produce lumen fluid throughout gestation. The fluid is mainly secreted in the distal end and then flows to the upper airway where it is either absorbed or released into the amniotic space. Fluid production increases till mid gestation period and then decreases as the lung reaches full term [1] . The production of lumen fluid helps in maintaining the intraluminal pressure required for normal lung growth. Anything affecting the fluid production or drainage adversely affects lung morphogenesis [2] .
Thus, mechanical inputs strongly affect developing lung-but the details matter. What is the load on a tissue? What parts of the tissue are deformed, how much is each location deformed, in what directions is it deformed, and is there a dynamic signature? How might mechanical inputs be sensed by the tissue, in different locations, in different directions, and what might that mean for the adaptive functioning of the organ? How do varying tissue and fluid characteristics affect the mechanical aspects?
Lung lumen fluid is moved by secretion, airway peristalsis (AP) and, later, fetal breathing movements. Airway peristalsis and tonic contractions begin as soon as airway smooth muscle (SM) forms. AP is initially weak and uncoordinated, but settles into a rhythmic wave moving proximodistally [3] (Fig 1) . It has been proposed that AP regulates lung morphogenesis, through tissue stretch [3] , the magnitude and direction of which have been quantified [4, 5] . We here propose that the fluid flow generated by AP may itself be significant in prenatal lung development, in several different ways.
Peristalsis in the broader sense has been thoroughly studied in open-ended tubes such as the gut and ureter, where it is an essential method of transport [6] [7] [8] [9] [10] . However, there is not, to our knowledge, any previous study of tube peristalsis towards a closed end, as in the lung. Although the smooth muscle action is similar in the gut or ureter (both ends open) and lung (proximal end open, distal end closed), we will show that the flow characteristics are completely different, due to the closed distal boundary and elastic energy storage. The characteristics of the flows in prenatal AP may have several important implications for prenatal lung development.
There is a third distinct case of peristalsis, when both ends of the tubule are closed. In the intact embryonic airway, the larynx is pinched closed, but opens under sufficient lumen pressure. In vitro, a trachea excised distal to the larynx will close up in a wound healing response, creating a sealed lumen. The trachea can be maintained in an open configuration by insertion of a stiff tube. These situations of open or closed trachea are mechanically distinct, and will have different characteristics of tissue stretch [4, 5] and flow.
This goal of this study was to analyze the flows of AP in the prenatal lung, using estimates based on standard results from fluid dynamics, measurements of viscosity of prenatal lung lumen fluid, and a computational model of the fluid-structure interactions in a simplified unbranched tubule, with a closed distal end (tip) and either open or closed proximal end (trachea). Our analysis leads us to suggest morphogenetic roles for AP in the two separate arenas of flow sensing and enhancement of transport of solutes such as growth factors. In both cases, we are able to quantify observable measures and suggest expected experimental outcomes.
Results

Basic results
Zero net fluid flow. In the embryonic lung, the Reynolds number is relatively low (Re = 1), and thus, inertial effects can be neglected. Furthermore, in vitro studies have shown that flows due to AP can be completely reversible, as suspended debris in the lumen has been shown to move in response to AP and return to its original location [3] . In a tube with both ends open, peristalsis is an effective pumping mechanism, common in physiology and industry. However, in AP, the distal ends are closed, so over a complete cycle, the net flow is zero. When the wave ceases, the fluid returns, with a slower reverse flow driven by elastic energy storage of the tissues. Therefore any net flow into or out of the lumen must be due to other processes such as secretion (causing outward flow) and growth (causing inward flow). Although AP thus does not serve to remove fluid, it strongly affects diffusive transport, as detailed below.
Peristalsis with partial occlusion creates reverse flow (reflux). Although the smooth muscle contracts in the same manner, AP moves lumen fluid very differently in the cases of complete occlusion (CO) and partial occlusion (PO). Most significantly, the direction of flow is different in CO and PO: For CO, fluid moves with the peristaltic wave, reversing only when the wave is released. For PO, fluid moves counter to the peristaltic wave (Fig 2A) , reversing when Flow is coupled to a pressure gradient. If the trachea is closed, the pressure is spatially uniform ( Fig 3A, S1 Video) . If the trachea is open, pressure is low proximal to the stenosis and higher distal to it (Figs 1B and 3B, S2 Video). Pressure is uniform distal to the stenosis because there is essentially no flow there. At the stenosis, the flow velocity depends on the occlusion, so,
2 8m dp dx , where v is the local average velocity, v mid the midline velocity, a the initial tube radius, O the occlusion, and μ the viscosity [6] . Closed trachea constrains flow. A closed trachea blocks flow out of the lung, so flow inside the lung is substantially reduced. Because a closed trachea does not permit pressure release, lumen pressure is spatially uniform, and occlusion is substantially reduced for the same SM force (Fig 3, S1 Video, Fig 4) . If the trachea is open, flow is substantial within the lung, flow is substantial exiting the lung, occlusion is greater, and flow and pressure gradients at the stenosis can be very large (Fig 3, S2 Video, Fig 4) .
Flow in cross-section. In viscous flow, as in the prenatal lung, the fluid touching the lumen surface does not move relative to the surface (no slip). However, the lumen surface is where we find the maximal fluid shear. Conversely, in a symmetric tubule, the maximal fluid velocity is at the midline of the tubule, where fluid shear is zero. Flow velocities at the midline almost perfectly track shear rates at the epithelial surface (Fig 4) .
Viscosity
Dependence of flow on measurable parameters. We performed a parametric study of our computational model to determine the relationship between model inputs and outputs. Some flow features are independent of the viscosity of the lumen fluid. Flow is driven by pressure buildup due to occlusion. Maximal occlusion O is linear in the ratio FT/E, where F is SM force Rheometry. Using particle-tracking microrheometry [11] with injected 500 nm beads, we determined the properties of the lumen fluid in 3 prenatal mice from different litters. The slopes of the log-log plots of MSD against time interval (in the range 0.2-30 s -1 ) did not measurably differ from 1 (R 2 > 0.95). Thus, in the prenatal mouse lungs measured, the lumen fluid was Newtonian up to 30 s -1 . We found that the viscosity of the lung fluid is an order of magnitude higher than that of water (log 10 (μ/μ w ) = 1.1±0.3). Specifically, water has a viscosity of 0.001 Pa-s and we measured embryonic mouse lung lumen viscosity at 0.016 ± 0.008 Pa-s. Variability between individuals was significantly greater than variability within an individual or between frequencies (Fig 5) .
Mixing
Bulk mixing. Although embryonic AP is in the Stokes flow regime Re(1, implying reversibility of the flow [12] , the waveform is asymmetric and does not generally reverse. Because of the non-reversing waveform, the lumen fluid undergoes a certain amount of mixing (Fig 6, S3 and S4 Videos). If the trachea is closed, the lumen fluid remains in the lumen, but undergoes a small amount of mixing. If the trachea is open, in AP as in breathing, a large amount of fluid can exit the lung and mix with external fluid before refilling the lung. Regardless of the state of the trachea, there is essentially no mixing at the distal airway tips, because fluid shear is small distal to the stenosis.
Diffusion. At small length scales, as in the embryo, diffusion is the dominant mode of transport. Diffusion coefficients vary over many orders of magnitude depending on the size of (Table 1) because of the potential range of viscosities and molecular sizes. The time to diffuse a distance x is proportional to x 2 /D, or, using the Stokes-Einstein relation above, the diffusion time is proportional to x 2 μr. Thus in the embryonic lung, where the lumen fluid viscosity is somewhat greater than water but smaller than mucus, the time scale of molecular diffusion at a length scale of 100 μm is roughly 1 minute for CO 2 and 30 minutes for a 100 kDa globular protein.
In contrast, CO 2 in water diffuses 100 μm in 5 s and a 100 kDa protein diffuses 100 μm in neonatal mucus in 10 hr. Because diffusion time scales as the square of the distance, diffusing 1 mm in the embryonic lung lumen will take 2 hrs for CO 2 and 2 days for a 100 kDa protein. These time scales are clearly limiting in both metabolism and development.
Taylor dispersion: interaction of mixing and diffusion. As soon as the lung reaches a size for which diffusion becomes too slow to satisfy its transport needs, the smooth muscle forms and AP begins. Fluid motion dramatically enhances transport. Solutes and suspended (Fig 2) .
When AP begins, it is weak, and occlusions are small. The reflux velocity will be correspondingly smaller, and advection and diffusion interact in the intermediate range of Taylor dispersion [15, 16] . In this regime, solutes diffuse with an effective diffusion coefficient
, where a is the lumen radius, bounded by the molecular diffusion coefficient D, (Fig 7) . For example, for a 100 kDa globular protein in the embryonic lung lumen with viscosity 0.016 Pa-s and tubule inner radius 25 μm, the time scale to diffuse 100 μm is 30 minutes, but 1 mm takes 2 days. With a peristaltic wave at 50 μm/s and just 10% occlusion, yielding v ¼ 12 μm/s, that 100 kDa protein is transported 1 mm in an hour instead of 2 days, because of the interaction between advection and diffusion.
Thus AP can substantially enhance diffusive transport even for a small occlusion. The enhancement is greater, the larger the molecule and the more viscous the fluid. The effect is small for diffusion in water, but for diffusion in mucus, the effect can be very large.
Discussion
Airway peristalsis coupled with flow sensing may serve to optimize lung allometry
Branching in the pseudoglandular period proceeds on a consistent length scale. It is only in later developmental stages that differential growth rates and oriented cell divisions [17] lead to the correct scaling of the branch generations, optimized for efficiency of transport [18] . It is well established that the vascular system uses shear sensing to detect flow rates and regulates wall thickness in response. It may be that one of the primary morphogenetic functions of AP is to generate internal flows to stimulate widening of bronchi in response to shear stresses, in order to optimize branch allometry. We hypothesize that AP provides a fluid mechanical stimulus to the developing airway, allowing adjacent tissues to sense flows, and thus to respond with differential growth rates and/or orientationally biased cell divisions, in order to minimize surface shear.
Flow detection by surrogate measures
A cell cannot directly detect bulk fluid velocity, but it can infer bulk velocity from the surrogate measure of shear rate at the lumen surface. In a straight tube, the maximal fluid velocity is on the midline, and there is zero flow at the lumen surface. Conversely, fluid shear is zero on the midline, and maximal on the lumen surface. At a given location along the airway, for our assumption of a Newtonian fluid, surface shear rate is nearly proportional to midline velocity (Fig 4) , except for small lags from occlusion transients. Thus, if it exists, epithelial flow sensing at the lumen surface would be a surrogate mechanism for sensing flow away from the tissue surface, i.e. at the midline. Conversely, for the experimenter, tracking the velocity of debris at the midline provides a surrogate measure for shear rates at the epithelial surface.
Flow sensing in tips?
In all cases, shear rates from AP are negligible in the tip region, only becoming significant in the part of the airway experiencing SM contraction (Fig 4) . Primary cilia (PC) appear in proximal airways by E12.5, before motile cilia, and are gradually replaced by motile cilia through at least E15.5; they reappear later in response to injury [19] . PC regulate branching morphogenesis in mammary glands [20] . Because AP contributes negligible shear in the region distal to the SM, we predict that flow-sensing mechanisms such as primary cilia will not be found distal to SM in the embryonic lung.
We also predict that any flow-sensing PC would be shorter proximally, where the SM is most strongly contractile and flows are fastest, and longer distally, where SM, SM contraction, and flows are less developed. If there were flow in the distal tip, it could not be due to AP, but must be due to secretion. If flow-sensing primary cilia are found distal to the SM (PC are found in mammary terminal end buds [20] ), we can conclude that they are there in order to detect secretion distal to their location, not to detect flows generated by AP.
Thus, if PC are found along the entire intraluminal surface of a growing bud, they may perform two separate functions in the developing airway, depending on their position: either probing AP-driven flow in the SM-wrapped epithelium; or detecting secretion-driven flow at the distal tip. In particular, because shear from AP is greater where SM is more developed (i.e. proximally), intraluminal PC should also be progressively shorter if SM-associated epithelial cells are to perform equal physiological functions, since signaling at PC depends on the scale of bending and stretching of its plasma membrane that are proportional to fluid shear. By the same principle, distal tip epithelial cells should have PC with a mechanotransduction machinery fine-tuned to secretion instead of AP-driven flow. This suggests that signaling networks in distal tip epithelia would be functionally distinct from those in SM-associated epithelia and, consequently, that epithelial cells from either of those two regions should be phenotypically distinct.
We speculate that PC serve to sense flow in developing ducts, and in turn to regulate morphogenesis based on sensed flows (some examples are reviewed in [21] ). Because of spatiotemporal asymmetry in lumen flows, PC could potentially discern positional information by flow sensing alone, and further, could distinguish between flows generated by secretion (unidirectional) and flows generated by AP (bidirectional, with a characteristic waveform).
Positional information
If an epithelial cell were able to detect stretch at its basal or apical end, and flow at its apical surface, it could, in principle, infer information from far away in the lung, using only local information. It could, in effect, remotely detect, from hundreds of microns away, whether the trachea is closed or open. For example, an airway epithelial cell that sensed stretch could infer its position from geometric cues (discussed in [5] ), and if it also sensed no fluid shear accompanying the stretch, despite proximity to contracting SM, it could infer that the airway is proximally blocked. Conversely, if an epithelial cell detects fluid shear without tissue strain (from adjacent SM contraction), it could infer, from mechanical cues alone, distant distal secretion.
Airway peristalsis and bulk transport
Smooth muscle forms in the lung at the same time as the lung becomes too large for diffusion to remain an efficient means of transport. At the same time, the cardiovascular system is developing, and is also moving fluid by peristalsis. Peristalsis represents an ancient and widespread mechanism for bulk transport. We have shown that even a small, weak peristaltic wave in the embryonic airway can dramatically increase the efficiency of transport, especially for large molecules, and especially in viscous fluids, such as may develop in late gestation. Thus the known effects of AP in stimulating and regulating morphogenesis may be based not just in mechanisms involving tissue stretch, but also in mechanisms involving transport of morphogens. Enhanced transport especially of large molecules, such as growth factors, in the lumen would have the effect not just of enhancing transport to proximal tissues, but also of enhancing transport from distal tissues.
Viscometry
This paper reports the first measurements of the viscosity of embryonic lung lumen fluid. We found that in the range tested (0.2-30 s -1 ), lumen fluid could be considered Newtonian. Our model and analysis were built on an assumption of the unknown properties of the lumen fluid being Newtonian. Shear rates in AP can be high (100-1000/s), as we find both from our estimates without elastic energy storage and also from our simulations with elastic energy stored in the tissues. The highest shear rates are at the stenosis; the closer the occlusion is to complete, the higher will be the shear rates at the stenosis. If the lumen contains mucus, its non-Newtonian properties will be significant in this flow regime. If further testing reveals non-Newtonian behavior at higher shear rates or in other model organisms, we might then conclude that one of the many functions of prenatal AP is the same function as coughing and sneezing in the postnatal lung: to exploit the shear-thinning properties of mucus, to clear it from the lung.
Model validity
Although errors in computing advection are well known, the fundamental reason that fluid tracers do not return to their original positions (Fig 6, S3 and S4 Videos) is not computational error, but asymmetry of the waveform of the moving boundary.
Control of morphogenesis by multiple interacting factors
Mechanics interacts with cell signaling in numerous complex subsystems (reviewed in [22] [23] [24] ). AP does many things all at once-stretching tubule cells apicobasally [4, 5] , flattening tip cells [4, 5] , transporting solutes, shearing surface receptors-so the potential morphogenetic mechanisms are confounded. Thus, experiments which only inhibit or enhance AP cannot tease apart the multiple mechanical effects that AP has on a developing tissue. However, with the framework provided by this study and others [4, 5] , individual components of mechanical stimulation such as tissue stretch and fluid sensing can be isolated, for example by altering lumen fluid viscosity. Other factors not analyzed in this study will also interact with AP and confound results. For example, it would be useful to quantify the pressure and secretion rate in the embryonic lung, as has been done in the later lung [1, 2, 25] . In another paper [26] , we estimate the secretion rate in the embryonic lung to yield an exit velocity an order of magnitude lower than that from AP.
Conclusions
We know that mechanical inputs strongly affect developing organs-but the mechanical details matter, and are studied far more rarely than the molecular details: what is the load on a developing tissue, what parts of the tissue are deformed, how much is each location deformed, in what directions is it deformed, and is there a dynamic signature? Might mechanical inputs be sensed by the tissue, in different locations, in different directions, and what might that mean for the adaptive functioning of the organ? Do varying tissue and fluid characteristics affect the mechanical aspects? In the developing lung, for example, it has long been appreciated that fetal lung liquid plays a key role in morphogenesis and development: draining the liquid leads to tissue hypoplasia, whereas blocking the exit leads to dysplastic overgrowth of the tissue. There have even been clinical trials in humans to evaluate whether the latter approach might be useful to rescue hypoplastic lungs in utero, some with positive and some with mixed results. This paper thus considers the development of the lung from the point of view of fluid mechanics and provides some important insights from first principles in this field. While fluid mechanics is not on the usual syllabus for pediatricians or pediatric surgeons, clearly it has been co-opted by evolution to help form the branched structure and gas diffusion surface of the developing lung.
Methods
Computational model
The embryonic lung was modeled as a single unbranched radially symmetric tubule with three tissue layers and a lumen (Fig 1B) .
The tissues were modeled as uniform, isotropic, Hookean, undergoing finite strain. The lumen fluid was modeled as uniform, Newtonian, and creeping. The trachea was modeled as either open or closed. To our knowledge, there are no published studies of the mechanical properties of embryonic lung tissues or lumen fluid; we used the estimated parameter values in Table 2 . Where a range of values is listed, we tested that range within the limits imposed by numerical convergence. The peristaltic wave was modeled as a distributed contractile body force in the smooth muscle layer, with gradual onset and release, moving distally with constant velocity.
The dynamic model was implemented in a finite element package, COMSOL, with its FluidStructure module, bidirectional coupling, large-strain formulation, ALE moving mesh, and particle tracing. Poisson's ratio in the tissue was approximated by 0.45. Convergence generally required occlusion to be < 95% and maximal lumen pressure < 15 Pa. The FEM model was verified against analytical results for a hollow sphere and an open tube.
Rheometry
Mice were maintained as a colony in a facility that is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. All animal procedures were approved by the North Carolina State University institutional animal care and use committee, #12-044-B. Mouse lungs were extracted from discarded C57BL/6J embryos decapitated for a separate 2 We assume that the viscosity of airway lumen fluid in the embryo is lower than that of neonatal airway mucus but higher than that of blood. 3 Fetal pig airway SM 1-20 kPa, highest in trachea, lowest in bronchioles. We assume this as an upper bound, and that embryonic SM will likely be weaker by 1-2 orders of magnitude. We assume a SM thickness of 15 microns. 4 Fetal pig, pseudoglandular stage study, and kept in PBS. Viscosity of lumen fluid was measured by passive bead microrheometry [32, 33] . Lung extraction, microinjection and particle tracking were done on the same day. 500 nm beads were delivered in the intraluminal space of terminal buds in several areas, by microinjection at 0. Because SM activity caused fluid flow in lungs, drift terms were subtracted from particle positions, to yield traces of Brownian motion.
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